he majority of carbon dioxide in blood is transTported in the form of bicarbonate, and only relatively small amounts exist as dissolved Con or carbamate. The latter compound is formed by the combination of free carbon dioxide with uncharged amino groups of hemoglobin.
Hb=NH,+=Hb-NH2 + H +
Hb -NH2 + C 0 2 * Hb -NHCOOH *
Hb -NHCOOH -+ H+
The role of carbamate in carbon dioxide exchange is more important than would be expected from its small concentration because it is oxylabile, ie, significantly greater amounts of carbamate have been demonstrated in reduced hemoglobin solutions than in oxygenated solutions.' This has led Roughton2 to postulate that changes in carbamate concentration account for 70 percent of the Haldane effect, the difference in carbon dioxide content between oxygenerated and reduced blood at the same PCOZ.~ Recently, Bauer has reported that 2,3-diphosphoglycerate (DPG ), which is normally present in high concentration inside the human erythrocyte, markedly diminishes the oxylabile transport of carbon dioxidee3 Kilmartin and Rossi-Bernardi4 have clearly demonstrated that carbamate formation occurs at the N-terminal amino groups of both the a and P chains of hemoglobin. Current evidence suggests that DPG binds to the hemoglobin molecule near the central cavity and involves, among several sites, the N-terminal amino groups of both P chainsU5 Presumably the decrease in oxylabile COz seen in the presence of DPG is a result of competition between DPG and COz for these sites. Unfortunately, the direct chemical measurement of COz bound as carbamate is quite d a c u l t and relatively inaccurate.' We have approached the problem by studying the Haldane reaction with the continuous flow reaction techniquee6 The time course of changes in PCO~ and Po2 during the oxygenation of the reduced erythrocytes at 37OC was monitored following mixing of a suspension of reduced red cells with an oxygenated buffer having the same pH and Pcoz. Since total carbon dioxide content in the mixture was held constant, any increase in measured Pcoz following oxygenation reflected a similar decrease in the sum of bicarbonate and carbamate. In our apparatus the reaction could be monitored either in the presence or absence of acetazolamide*" during the same experiment. When this reaction occurs in the presence of acetazolamide, the catalysis of bicarbonate to free CO2 by carbonic anhydrase is inhibited so that during the first few seconds following oxygenation, only changes in carbamate concentration are seen. This technique permits separation of the relative contributions of bicarbonate and carbamate to the carbon dioxide exchange observed with oxygenation.
Fresh human erythrocytes were separated from plasma by centrifugation and suspended in a bicarbonate-saline buffer so that hemoglobin concentration in the suspension was approximately one-tenth of normal. Bicarbonate concentration was varied so that the desired pH would be attained when the suspension was equilibrated with 5.5 percent carbon dioxide in nitrogen. Isotonicity was attained by varying the sodium chloride concentration in the buffer. The erythrocyte suspension was reacted in the apparatus with the same buffer which was equilibrated 5.5 percent carbon dioxide in oxygen. Mean Pc02 of the mixture of the cell suspension and buffer at the start of the experiments was 42.9 A 1.3 mHg. DPG concentration was measured by a colorometric te~hnique.~ Since DPG concentration decreases rapidly with time at 37OC, all experiments were completed within four hours following donation of blood.
The changes in oxygen and carbon dioxide following oxygenation of a suspension of reduced erythrocytes at pH 7.28 are shown in Figure 1 . The change in hemoglobin saturation was calculated from the decrease in oxygen tension following mixing, the solubility of oxygen in the buffer, and the hemoglobin concentration. Complete saturation of hemoglobin was not attained since sufficient oxygen was not dissolved in the buffer. The plateau P a increments of 1.0 and 2.6 mm Hg represent decreases of 0.032 and 0.084 mMoles/L in concentrations of carbamate and the sum of carbamate and bicarbonate respectively. The change in bicarbonate concentration, the difference between the two plateau values, was 0.052 mMoles/ L.
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The increase in free carbon dioxide seen with oxygenation, expressed as (change in COzIOz bound), is plotted as a function of the pH of the reduced red cell suspensions in Figure 2 . This is not a true Haldane coe5cient since the Pcop was not held constant but rose as much as 3.0 mm Hg during the experiment. Since total carbon dioxide content was held constant, this small rise in Pcoz resulted in a slightly greater fall in pH than is normally obtained when a carbon dioxide dissociation curve is constructed. However, virtually no pH FIGURE 2. Carbon dioxide generated from bicarbonate and carbarnate following oxygenation of red cell suspensions. The pH of the reaction mixture prior to oxygenation is plotted on the abscissa. Mean decrease in pH was 0.029 and increase in hemoglobin saturation was 71.5 percent following completion of the. reactions. change in carbamate concentration would result in our experiments because the small changes in Pcoz and pH are offsetting. Variation in bicarbonate is also minimized by the opposite effects of the pH and PCOZ changes on bicarbonate concentration. Of more concern is the decrease in intracellular pH in the experiments with acetazolamide. Oxygenation results in the release of Bohr protons which are normally buffered through the action of hemoglobin and bicarbonate. When the latter buffering reaction is inhibited, however, intracellular pH falls much more than in the experiments without acetazolamide. The transmembrane concentrations of hydrogen ion do not reach equilibrium during the experiment since hydrogen and hydroxyl ion movement across the erythrocyte membrane is quite slow.8 This shifts the carbamate curve in Figure 2 to the left, raising the carbamate contribution to the Haldane effect at all pH's. However, the calculated maximum error at any pH in the carbamate curve is 0.03 mM C02ImM 0 2 .
At 37°C DPG concentration rapidly decreases inside the red cell. The mean initial DPG concentration (1.40 x 108 moles DPGIgm hemoglobin) at the start of the experiments did not difTer significantly from the mean DPG level immediately after blood was drawn from the donors. At the end of the experiments, however, DPG concentration was significantly reduced (0.88 x 108 moles DPGIgm hemoglobin). Since most of the plateau values were run early in the experiments, the DPG levels were only slightly depressed and would have minimal effects on carbamate concentration.
As seen in Figure 2 , the amount of Cot released upon oxygenation reaches a maximum at pH 7.4. The relative contributions of carbamate and bicarbonate vary widely with pH. At high pH changes in carbamate concentration account for 75 percent of the total Haldane effect, agreeing with Roughton's 22s 14TH ANNUAL ASPEN CONFERENCE ON RESEARCH IN EMPHYSEMA estimatee2 However, at a normal and low pH, the Thus, in the normal individual carbamate accontribution of carbamate to total COP exchange is counts for only 30 to 40 percent of the Haldane markedly reduced. At low pH, fewer amino groups effect. In addition, under abnormal circumstances, exist in the uncharged form and thus the number of the relative importance of carbamate and bicaramino groups available to form carbamate are bonate will vary widely depending upon pH and decreased. In addition, binding of DPG is en-DPG concentration. chanced at lower and this would decrease the amount of carbon dioxide bound as carbamate. As pH rises above 7.4, the contribution of bicarbonate to the Haldane effect decreases for several reasons. First, the number of Bohr protons released, indicated by changes in base excess at zero Pco~, decreases with increasing pH.1° Second, since the pK of the carbamic acid formed by the combination of carbon dioxide and terminal amino groups is approximately 4.6,6 the carbamate must be neutralized by a hydrogen ion before the carbon dioxide can dissociate. Finally, as pH rises, more of the terminal amino groups ionize to the charged NH3+ form, utilizing a hydrogen ion. These processes account for the reversal of base excess changes observed with oxygenation of red cell suspensions at high pH.I0
The pronounced effect of DPG on carbamate formation is shown in Figure 3 . In this experiment, the amounts of bicarbonate and carbamate converted into free carbon dioxide following oxygenation of a red cell suspension at pH 7.40 were measured as DPG concentration decreased during incubation at 37OC. When DPG is absent, carbamate accounts for 60 percent of the CO2 released, as Roughton2 found in his work. However, as DPG increases, the carbamate contribution falls. This relationship is extrapolated by the dashed line to the DPG concentration which was present in the fresh blood. The effect of higher levels of DPG on carbamate formation is unknown. However, since DPG concentration can vary by a factor of two above or below normal levels,ll it appears that the relative importance of carbamate and bicarbonate in Con exchange will vary in different clinical conditions. T h e placenta differs from the lung in several For example, both organs receive a generous important aspects of respiratory gas exchange.
Some
blood flow. However, in the placenta, a larger In other respects, the two organs are surprisingly fraction of flow is shunted, bypassing gas exchange similar. Some comparisons are shown in Table 1 
